A rapidly growing share of global agricultural areas is devoted to the production of biomass for non-14 food purposes. The expanding non-food bioeconomy can have far-reaching social and ecological 15
Introduction

36
Over the past 15 years, many governments and international organizations have developed strategies 37 and initiatives to design and foster an economy that increasingly uses bio-based materials, chemicals, 38 and renewable energy sources (European Commission, 2012a; Meyer, 2017; OECD, 2009; Staffas et al., 39 2013; White House, 2012) . These efforts are driven by the need to reduce greenhouse gas emissions 40 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 2 and fossil fuel dependence, with the expectation that a bio-based economic transformation will 41 contribute to economic development and employment both in urban and rural regions (McCormick 42 and Kautto, 2013). 43
The European Union (EU) is particularly active in promoting bio-based transformations and seeks to 44 respond to global social-environmental challenges through its Bioeconomy Strategy (European 45 Commission, 2012a expanding industrial bioeconomy, for example, causes direct and indirect land use change, thereby 57 generating greenhouse gas emissions (Searchinger et al., 2008) , and has implications for water quality 58 and quantity (Thomas et al., 2009 ). Imports of feedstock for the EU bioeconomy can thus have negative 59 consequences for ecosystems in distant places (Deininger, 2013) . Based on a systematic review, Pfau 60 et al. (2014) found that bioeconomy should not be considered as self-evidently sustainable. They 61 concluded that further research and policy development should pay attention to how the bioeconomy 62 could contribute to sustainable development. Ramcilovic-Suominen and Pülzl (2018) argued that 63 sustainability is not a core motivation of the EU Bioeconomy Strategy, in which the main emphasis is 64 on biotechnology, eco-efficiency, competitiveness, innovation, economic output and industry, while 65 the strategy is ambiguous about how it will contribute to sustainability. O'Brien et al. (2017) also 66 stressed that the sustainability of the EU's bioeconomy depends on how it is being implemented, with 67 a particular risk being increased global land use requirements of the economy. This risk is illustrated 68 by the fact that Europe stands out as the only world region that is a net-importer of the four major 69 natural resource categories: materials, water, carbon and land (Häyhä et al., 2018; Tukker et al., 2016) . 70 With around 3,000 m² per capita in 2010, the EU-28 had a per capita cropland footprint that was more 71 than 40% above the global average (Tramberend et al., 2019 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 3 territorial indicators only and fail to take into account the international teleconnections (Yu et al., 85 2013) . 86
The importance of footprinting approaches has been widely acknowledged in national and regional 87 sustainability assessments to account for possible land use displacement and leakage effects (Liu et  88 However, existing studies do not further distinguish food from non-food uses and are therefore unable 94 to assess this important part of the bioeconomy transformation. In this paper, we fill this research gap 95 for the European Union by analysing its role in the global non-food bioeconomy with a novel hybrid 96 method, linking biophysical and monetary accounting models for assessing the non-food sector's land 97 requirements. We include both products from plant and animal sources and apply three perspectives 98 to assess the EU's non-food cropland footprint between 1995 and 2010: 1) the land use perspective 99 (cropland use for non-food purposes), 2) the industry perspective (cropland embodied in agricultural 100 products used in non-food manufacturing industries) and 3) the consumer perspective (cropland 101 embodied in final consumption of non-food products). 102
The scope of this study is confined on the cropland footprint and thus excludes land areas related to 103 the production of wood and wood products. Although timber is a key resource in the bioeconomy 104 context, the calculation of land demand related to timber consumption is challenged by limited data 105 availability regarding actual harvested forest areas -in contrast to overall forest areas (Bruckner et Commodity Balance Sheets to set up a global tree structure for all commodity flows and tracks 132 embodied cropland along these supply chains. For example, land used to produce soybeans is tracked 133 from harvest via processing to final utilization. In the case of co-production, such as soybean oil and 134 cake, land areas are split and allocated to the derived products in relation to their economic value, i.e. 135 using price allocation. 136
The method not only covers crops and derived crop products, but also animal products such as milk, 137 meat, fats and hides, among others ( The land embodied in products is tracked to final utilization, differentiated into food, seed, waste and 144 other uses. The category of other uses comprises all non-food uses, including, for example, the 145 quantities of vegetable oils used for the production of detergents, polymers and biodiesel, and meat 146 and offal processed into pet food and pharmaceutical products (FAO, 2001) . In contrast to food use, 147 the category of other uses, however, does not formally describe a final use but rather an industry use. 148 LANDFLOW analysis thus tracks the supply chains of raw materials to the destination of industrial use 149 but cannot track the further trade of highly processed industrial commodities. For instance, once 150 vegetable oils enter the industrial sector to produce detergents, or cotton enters the textile industry, 151 the further trade of detergents or textiles is not recorded in the FAO data. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 5
Linking LANDFLOW and EXIOBASE 166
The decisive step in linking the two models was the mapping of the non-food commodity supply from 167 the LANDFLOW model to the using industries in the EXIOBASE MRIO model. We defined a 168 corresponding EXIOBASE sector for each LANDFLOW commodity, e.g. the EXIOBASE sector 'Products 169 of vegetable oils and fats' corresponds to the LANDFLOW commodity 'vegetable oils'. We then masked 170 the uses of the outputs of this sector in the MRIO entering (domestic and foreign) non-food 171 manufacturing industries, i.e. by removing any uses by the food industry or the service sectors. The 172 resulting correspondence table then delivered the monetary value of the vegetable oil uses by non-173 food industry (see Table S .3 for a summarized representation of the correspondence tables). Based on 174 this information, we derived industry shares and allocate the land inputs proportionally. As a result, 175
we obtained a land use matrix , with elements containing information on the land embodied in 176 each agricultural product further processed for non-food purposes by manufacturing industry . For 177 more details see Tramberend et al. (2019) . 178
The consumption footprint of cropland embodied in non-food products was then calculated straight-179 forward by using the environmentally extended demand-driven Leontief model ( 
Limitations of the methodology 185
There are some important limitations of the presented data and methods. Even though the data 186 available from FAOSTAT provide full country detail for all UN member states, we run the LANDFLOW 187 model at a more aggregated level (see Table S .2). Geographical detail should therefore be improved 188 for assessing region-specific impacts from agricultural production. Some authors even argue that an 189 accurate assessment of impact footprints requires a trade model operating at the subnational level, 190 particularly for big and diverse countries such as Brazil (Flach et al., 2016; Godar et al., 2016) . 191 Moreover, the model currently does not allow separately reporting of final bio-based products such as 192 biofuels, cosmetics, detergents, lubricants or biopolymers, but rather aggregated product groups such 193 as vegetable oils, covering all products derived thereof. 194
Grid cell level results 195
We downscaled the national results for some major crops to the level of 5 arc minute grid cells (around 196 10 km x 10 km at the equator) using the spatial distribution of 42 crops provided by the Spatial 197
Production Allocation Model (SPAM) v3.2 (You et al., 2017) . In the first step, we aggregated the SPAM 198 maps to three crop groups: 1) maize and sugarcane, 2) oil crops, and 3) fibre crops. We then allocated 199 the EU footprint in each region to the geographically corresponding cells within that region, using the 200 harvested area reported by SPAM to weight the allocation of the EU footprint into the SPAM grid cells. 201
The weight to allocate a crop group to a cell is given by = / , where is the harvested 202 area of the crop group in the grid cell and is the sum of the harvested area of the crop group 203 for all cells within region . The weight in a region sums up to one. This approach does not consider 204 sub-national differences in the export shares and structure, which obviously biases the results. The 205 downscaled results presented in this article thus should be interpreted as a probability distribution of 206 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 6 the EU's footprint, rather than an exact localization. The detailed R codes and data used for this 207 downscaling approach can be found in the previously indicated GitHub repository. 208 3 Results: European Union's non-food cropland footprint 209 We analysed global patterns of raw material producers, processors and consumers of bio-based non-210 food products. Here we describe the results for the development of the EU's cropland footprint of non-211 food products between 1995 and 2010 as well as its geographical and product composition. Further 212 results and illustrations, illustrating for example changes over time , can be found in the Supplementary 213
Material, including the global cropland requirements for non-food products in different world regions 214 (Table S. 
3). 216
Global flows of embodied non-food cropland 217
The primary production perspective on the left side of Figure 1 shows the land areas used for 218 production of crops and livestock for non-food purposes. The harvested biomass is then further 219 processed by industries, such as the chemical, the rubber or the textile industries. These processing 220 steps may be located in the same country, or may import feedstock from other countries. The 221 processing phase can have many steps. Figure 1 shows the amounts of embodied cropland 222 requirements when the products first enter the processing phase in non-food manufacturing 223 industries. Finally, the end-products are consumed by individuals or governments, or are put on stock 224 for use in the following years. Again, consumers may be located in the country of production or 225 processing, or the final products may be exported to be consumed in other world regions. Note that 226 the aggregated totals of embodied land are identical in all three parts of the Sankey diagram. 227
The EU-28 is a major processor and the biggest consumer region of non-food cropland, but ranks only 228 fifth among the largest crop producing regions. Consequently, the EU is a major net importer of 229 embodied cropland (Figure S 26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The EU also has a significant processing industry with around a quarter of the required raw materials 243 and related land use being imported from other world regions. In particular, vegetable oils for biofuel, 244 polymer and detergent production were imported from Indonesia and other Asian countries. In 2010, 245 the EU's processing industry required 19.8 Mha of cropland. Most of the processing output served 246 consumption within the EU itself. In addition, processed products were imported from all other world 247 regions, including China (4.4 Mha; primarily embodied in oleochemical products), Rest of Asia-Pacific 248 (3 Mha; vegetable oils and rubber) and the USA (1.6 Mha; primarily maize and ethanol). 249
The EU was the largest consuming region in absolute terms with 28.2 Mha in 2010 followed by China 250 (27.7 Mha). In relation to population, Australia leads the ranking (1199 m²/capita) followed by the USA 251 (828 m²/capita), Canada (807 m²/capita), the EU (562 m²/capita) and Brazil (468 m²/capita). In 252 comparison, the average non-food cropland demand in India was only 75 m²/capita (see 
3). 256
Non-food cropland footprint of the EU 257
Land use Industrial processing Consumption
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Discussion
305
Social and environmental implications 306
Our results emphasise that a particular attention should be given to the non-food sector, as it is the 307 main driver of growing biomass demand, in recent years particularly due to increasing vegetable oil 308 demand for fuel use. The EU's high external non-food land footprint indicates that a big part of the 309 environmental impacts related with the EU's consumption occur in other world regions. Our findings 310
show that the EU increasingly sources non-food biomass feedstocks from tropical regions, which have 311 been identified as hotspots of both deforestation and biodiversity loss (Koh and There is a need to analyse pathways for reducing negative impacts of the bioeconomy, for example by 337 optimizing feedstock composition or sourcing from world regions with favourable social and 338 environmental production conditions, including the partial substitution of globally sourced biomass by 339 local or regionally produced alternatives (Kpdonou and Barbier, 2012; Priefer et al., 2017). However, 340
as responsible consumers pull out of producer regions with questionable impacts, voids will eventually 341 be filled by others, if incentives prevail. 342
Economic implications 343
At the current level of the model's geographical aggregation, most countries and world regions are 344 net-exporters of biomass for non-food use and related land areas between the steps of primary 345
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Brazil produced crops destined for non-food uses on around 11.7 Mha. However, Brazilian industries 348 only processed crops equivalent to around 9.2 Mha. This means that products equivalent to an area of 349 around 2.5 Mha were exported to processing industries in other countries and regions. This pattern is 350 even more pronounced in Indonesia, where the domestic industry processed only around half of the 351 primary products produced within Indonesia (7. creation in developing countries (Dietz et al., 2018) . However, the key challenge will be to ensure that 360 value addition through processing will take place in the countries of production (Virchow et al., 2016 ).
361
The results illustrated above suggest that -from the perspective of biomass producer countries -there 362 is still significant room for increasing domestic upgrading of biomass exports and develop a biomass 363 export portfolio oriented towards higher value-added products. 364
The mismatch between domestic production on the one hand and industry demand for crops for 365 material and energy uses on the other hand will likely grow in the future. and service sectors, and considers non-market commodity flows. To exploit the full potential of hybrid 386 methods, the highest possible level of country and commodity detail provided by FAO statistics should 387 be used. Adding more spatial and product detail will be an important task for future modelling, as 388
Page 12 of 18 AUTHOR SUBMITTED MANUSCRIPT -ERL-106127. R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t to derive land use coefficients in hectares per ton of product. While being the most detailed method 402 in terms of products, the regional resolution of ew-MFA studies is very limited, as it is not possible to 403 specify the country of origin of the raw materials, consequently not being able to consider differences 404 in yields or local environmental impacts. 405
Finally, cropland footprints are only a part of a much larger puzzle that involves the quantification and 406 equitable sharing of the costs and benefits associated with the production and consumption of 407 biomass-based commodities. Footprinting methods thus need to be downscaled from national to local 408 levels to account for regional differences and dynamics in the socio-environmental conditions that 409 determine biomass production and its impacts in producer regions (Flach et 
Conclusions
427
To date the literature on land footprints has not separated food and non-food applications of crops 428 and derived products. In this paper, we assessed, for the first time, global patterns of land demand for 429
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Europe's role in the global non-food biomass trade. The analysis highlighted the increasing importance 431 of non-food products, being the fastest growing source of direct and indirect demand for agricultural 432 land in the EU, as well as globally. The dependence of EU consumption on foreign land areas for the 433 non-food sector is striking. While 86% of the land used to satisfy European food demand is located in 434
Europe, only 35% of the land providing non-food products to the region is cultivated within the EU, 435 resulting in net imports of up to 18 Mha per year. The expanding European bioeconomy is thus highly 436 dependent on agricultural areas in other world regions, most notably in Asia. 437
From the methodological perspective, this paper builds on the on-going discussion about the 438 robustness of land footprints and potentials for further improving the currently used accounting 439 methods. With the novel hybrid model, we were able to trace the non-food flows until the final 440 consumer, without truncating these flows, as done in biophysical accounting models. Moreover, it 441 allowed us to increase the level of product detail and to avoid the assumption of homogeneous prices 442 as implicit in monetary MRIO models. At current data availability, only the hybrid accounting method 443 is capable of combining high product detail with comprehensiveness of economic supply chains, 444 particularly when it comes to manufacturing industries and service sectors. Therefore, we suggest that 445 future studies aiming at quantifying land use related footprints, such as the biodiversity footprint, 446
should use a hybrid accounting approach. 447
We argued that the EU's bioeconomy should be assessed not only territorially but from a global 448 consumption-based perspective. Our findings showed that the non-food sector is attaining a growing 449 importance in the EU's bioeconomy -as well as globally. Europe plays a crucial role in determining 450 global developments as it is the biggest consuming region of non-food biomass products (measured in 451 cropland area) and also the largest net-importer. If the European bioeconomy were to promote 452 sustainable development at global scale, tools need to be in place that monitor trade-induced land use 453 spillover and displacement effects that emanate from the region's energy, agricultural, and 454 bioeconomy policy programs. 455
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